Olfactory-driven behaviors are central to the lifecycle of the malaria vector mosquito Anopheles gambiae and are initiated by peripheral signaling in the antenna and other olfactory tissues. To continue gaining insight into the relationship between gene expression and olfaction, we have performed cohort comparisons of antennal transcript abundances at five time points after a blood meal, a key event in both reproduction and disease transmission cycles. We found that more than 5,000 transcripts displayed significant abundance differences, many of which were correlated by cluster analysis. Within the chemosensory gene families, we observed a general reduction in the level of chemosensory gene transcripts, although a subset of odorant receptors (AgOrs) was modestly enhanced in post-bloodfed samples. Integration of AgOr transcript abundance data with previously characterized AgOr excitatory odorant response profiles revealed potential changes in antennal odorant receptivity that coincided with the shift from host-seeking to oviposition behaviors in blood-fed female mosquitoes. Behavioral testing of ovipositing females to odorants highlighted by this synthetic analysis identified two unique, unitary oviposition cues for An. gambiae, 2-propylphenol and 4-methylcyclohexanol. We posit that modest, yet cumulative, alterations of AgOr transcript levels modulate peripheral odor coding resulting in biologically relevant behavioral effects. Moreover, these results demonstrate that highly quantitative, RNAseq transcript abundance data can be successfully integrated with functional data to generate testable hypotheses.
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chemoreceptor | bioinformatics | transcriptomics A nautogenous female mosquitoes, including the malaria vector Anopheles gambiae, require a blood meal to complete each reproductive cycle (1) . The high degree of human biting displayed by An. gambiae (2) and its competence for malaria parasite development make this species an enduring threat to human health in Africa and other parts of the world. Chemosensory inputs, most notably in the form of airborne kairomones, provide the principal sensory stimuli that drive An. gambiae blood meal host detection and selection (3, 4) . Therefore, it is of great interest to further elucidate the molecular basis of olfactory-driven behaviors in disease-transmitting mosquitoes.
Host seeking in mosquitoes is episodic and activity patterns vary between species (1). Some species, such as An. gambiae, display distinctively nocturnal biting, whereas others exhibit either crepuscular or day-biting habits (5) . Moreover, electrophysiological studies of both whole antennae and of individual odorant receptor neurons (ORNs) in several dipterans reveal time-of-day variability in responses to odor stimuli (6, 7) . Recently, diel variation was also observed to occur at the transcript level for several An. gambiae olfactory genes, including the highly conserved An. gambiae odorant receptor coreceptor, AgamOrco (hereafter AgOrco), which displayed reduced abundance during times of day associated with behavioral inactivity (8) . Importantly, An. gambiae females are refractory to host odor stimulation for a prolonged period after a blood meal (9) , which correlates with reduced electrophysiological responses to some odors during the same period (10) . Post-blood meal reductions in olfactory responses have also been shown in the yellow fever mosquito, Aedes aegypti, indicating that modulation of odor sensitivity may be a general characteristic of anautogenous mosquitoes (11) .
In recent years, several chemosensory gene families have been identified in An. gambiae, including An. gambiae odorant (AgamOr, hereafter AgOr), An. gambiae gustatory (AgamGr, hereafter AgGr), and variant An. gambiae ionotropic glutamate (AgamIr, hereafter AgIr) receptors, as well as An. gambiae odorant binding proteins (AgamObp, hereafter AgObp) (12) (13) (14) (15) . The characterization of An. gambiae chemosensory gene expression patterns in distinct tissues along with the heterologous deorphanization of receptor sensitivities has helped refine our understanding of the links between chemosensory behavior and signaling (13, (16) (17) (18) (19) (20) (21) (22) . The centrality of chemoreception to host-seeking behaviors, the shaping of the mosquito's chemosensory receptive range by the distribution of differentially tuned chemoreceptors, and the blood mealinduced shift toward behaviors other than host seeking, suggest that expression dynamics of chemosensory genes presage overt behavioral phenotypes. Previous studies have already shown that the levels of mosquito chemosensory genes are affected by changing physiological conditions (8, (23) (24) (25) . Therefore, a more exhaustive exploration of antennal transcript modulation in response to blood feeding may provide unique insights into the mechanisms of mosquito chemosensory driven behaviors central to disease transmission. To this end, we have sequenced mRNA isolated from An. gambiae antennae to compare the transcriptome profiles of non-blood-fed versus blood-fed females over the 2 d after blood feeding (Fig. S1) . We have used these data, in combination with previously published AgOr response profiles, to model potential odorant sensitivity changes within the antennae subsequent to blood feeding.
Results and Discussion
Blood Feeding Globally Alters Antennal Transcript Abundance. In 10 antennal samples, transcripts for 8,995 genes were reliably detectable above background levels. At any given time point, ∼5,000 distinct transcripts displayed significant abundance differences between paired blood-fed (Bf) and non-blood-fed (nBf) samples. In addition, 169 transcripts displayed no detectable differences in abundance between the Bf and nBf groups at any of the five time points (Dataset S1). A subset of these highly stable genes is involved in basic cellular processes (e.g., dynein, actin), and many encode protein domains associated specifically with DNA binding (e.g., WD-repeats, zinc finger, and homeobox domains). Additionally, the An. gambiae orthologs of the fruit fly circadian genes period [An. gambiae gene annotation (AGAP) 001856], timeless (AGAP008288), and cycle (AGAP005655) displayed patterns of synchronous cycling within Bf and nBf cohorts. Notably at the 24-h time point, transcripts for both period and timeless were reduced in the Bf sample (Fig. S2) , a phenomenon previously documented in Bf sandflies (26, 27) . These results further link physiologic state to peripheral clock gene regulation.
To investigate the broad patterns of antennally expressed transcripts and to further examine the integrity of our dataset, we conducted a cluster analysis of the 1,235 genes that displayed at least an absolute twofold change in abundance between Bf and nBf at one or more time points. A total of 14 clusters, each of which comprised transcripts that shared a similar differential expression profile, captured the prevalent types of variation observed in the samples ( Fig. 1 and Dataset S1). Most of the clusters included transcripts that varied significantly between Bf and nBf at only a single time point, although several clusters revealed marked transcript variations across multiple time points. For example, cluster 1 comprised 712 transcripts that were greatly enhanced in the 12-h Bf antennae alone, whereas cluster 9 comprised 55 transcripts displaying marked enhancement in Bf samples across all five time points.
Cluster 14 contained the fewest number of transcripts (5), all of which displayed very strong and sustained enhancements in the Bf samples yet were undetectable in their nBf counterparts. Interestingly, three of these transcripts encoded vitellogenin precursor proteins that are normally involved in oogenesis and expressed by fat bodies (28) . This cluster also included the transcripts for the trypsin and cysteine protease genes that are typically associated with blood digestion and are enriched in An. gambiae following a blood meal (23, 24) . Similarly, cluster 12 encompassed significant enrichment in transcripts whose function is not usually associated with olfaction and included transcripts for major royal jelly protein (AGAP005958), heme peroxidase (AGAP004038), and a homolog to the Drosophila gene Dmel\CG9629 (AGAP000881), all of which have been associated with dipteran ovaries or embryos (29, 30) . This expression in the antenna may reflect induction by circulating signaling factors such as juvenile hormone or 20-hydroxyecdysone, which can activate transcription in tissues where they would seemingly have no obvious function (28) .
The largest group of olfactory-associated transcripts also appeared in cluster 12 and included a subset of oxidases/ dehydrogenases that could serve as odor-degrading enzymes (31) and nine AgObps that were only found above the threshold of detection in the 36-h Bf sample (Fig. 1) . Although the exclusive expression of these AgObps in the later stages of the gonotrophic cycle may reflect their requirement for the onset of olfactorydriven oviposition behaviors, it is notable that seven of these AgObps belong to the "atypical" class of two-domain Obps (14) and were the only atypical Obps detectable within the antenna. Consequently, their dissimilarity to "classical" Obps coupled with their co-occurrence with transcripts not normally associated with olfaction suggests that they might also be subject to global regulation and play their primary roles outside the antennae.
A final cluster of particular interest was the set of 10 transcripts in cluster 13 that displayed a strong, diel oscillatory abundance pattern that is phase shifted subsequent to blood feeding; this phase shift results in the differential expression pattern displayed by this cluster. The rhythmicity seen in these transcripts suggests that peripheral circadian clock genes may be involved in their regulation. It is well established that autonomous clocks operate in a number of peripheral insect tissues, including the antennae of Drosophila melanogaster (32, 33) where odor sensitivity rhythms are affected by the circadian oscillator (34, 35) . Although differential expression analysis would not detect genes that cycle synchronously between Bf and nBf, the rhythmic pattern seen in cluster 13 is the result of a decoupling of diel rhythmicity between the Bf and nBf groups following blood feeding, possibly a result of the near doubling in the abundance of the clock ortholog (AGAP005711) within the Bf cohort (Fig. S2) .
The functional implications of this cluster are further suggested by the presence of five opsin G protein-coupled receptors (GPCRs) and two arrestins. The presence of opsin transcripts in An. gambiae antennae was reported by our group (36) , and three of the opsins in cluster 13 (AGAPs 13149, 12985, and 12982) have high sequence similarity to D. melanogaster opsins, Rh6 and ninaE. Both genes have been associated with nonvisual sensory modalities in D. melanogaster, Rh6 with audition (37) , and ninaE with 18-24°C temperature discrimination in larvae (38) . Although it is unclear what role audition may play in post-blood-feeding behaviors, the differential abundance of opsins may be indicative of shifts in the thermal preferences of An. gambiae females that tend to rest in cool spaces following blood feeding (1).
More provocatively, these GPCRs may be involved in olfactory signal transduction within ORNs. Light-dark behavior cycles in adult mosquitoes are likely tied to circadian oscillators that, as discussed above, show strong and consistent variations in lightdark expression patterns across all time points. Moreover, in all samples, the abundance pattern of Gαq followed that of the transcripts in cluster 13 (Dataset S1). Isoforms of Gαq subunits have been immunolocalized within the antennal sensilla of An. gambiae (39) and have also been shown to strongly affect the electrophysiogical responses of D. melanogaster antenna to a variety of odors (40) . In as much as only the clock ortholog shows a strong change in transcript abundance in response to blood feeding (Fig. S2) , the expression pattern of this gene cluster may be the result of a simple regulatory mechanism that modulates the overall responsiveness of the antenna and gives rise to the diel-and blood feeding-dependent patterns of olfactory behavior and physiology.
Chemosensory Genes Show Subtle Alterations. Not surprisingly, only a portion of the AgGrs, AgIrs, AgObps, and AgOrs annotated in the An. gambiae genome were detectable in the adult female antenna (Fig. 2) . Although this incomplete representation may, in part, reflect limited expression in diverse subpopulations of antennal cells, some of those undetected chemosensory genes have been associated with chemosensory tissues other than the antenna (e.g., palp, labellum), whereas others are known to be exclusive to the An. gambiae larval life stage (17) (18) (19) (20) . The general absence of most of the annotated AgObps is also consistent with our previous study that showed many AgObps to be highly enriched in the adult mosquito body rather than in chemosensory tissues (36) .
As revealed by the cluster analysis above, the AgObps displayed the greatest variation among the chemosensory genes during the 2 d after blood feeding. Thirty-five AgObps were detectable in the female antenna, and most were expressed at very high levels, ranking these AgObps among the most highly expressed genes in the antenna. Following blood feeding, the most abundant 50 percent of AgObps displayed pervasive deenrichment across every time point except for 24 h, when the transcripts for nearly every AgObp showed enrichment in the blood fed cohort ( Fig. 2A) , suggestive of the recovery of the molecular apparatus of olfaction.
The other notable enrichment among AgObps occurred at 36 h in the Bf cohort when nine otherwise undetectable AgObps all spiked in abundance. Given the close physical proximity of these AgObps on either chromosome 2R (AgObps 13, 39, and 40) or the X chromosome (AgObps 34, 35, 36, and 37), it is likely that these AgObps share common regulatory elements. This observation is entirely consistent with previous observations of high levels of these aytpical AgObps in whole mosquitoes following blood feeding (23) . Inasmuch as those AgObps that have been characterized as playing a functional role in olfaction (41) show continually high abundance in the antenna throughout our analyses, the transitory appearance of transcript for these nine AgObps is likely the result of a more global, organismal-level regulation of transcription.
In contrast to the AgObps, transcripts for the antennal chemoreceptors did not display dramatic changes in their levels between the Bf and nBf cohorts. Consistent with their primary role in contact chemosensation, AgGrs were the least abundant chemoreceptor class in the antenna and they showed the least variation in response to blood feeding (42, 43) . Similarly invariant transcript levels were displayed by the AgIr and AgOr coreceptors (AgIr8a, AgIr25a, AgIr76b, and AgOrco), implying that on the whole levels, AgIr and AgOr transcripts remained relatively stable between the Bf and nBf samples (Fig. 2B) . However, transcripts for individual tuning AgIrs and AgOrs showed a pattern of depletion in the Bf cohort (Fig. S3) interspersed with select instances of enrichment (Fig. 2B) , suggesting that the combinations of AgIrs and AgOrs represented in the antenna changed after a blood meal. Moreover, the overall rank order of the level of abundance of individual AgIrs and AgOrs shifted following the blood meal, indicating a temporary reshuffling in the relative abundances of chemoreceptors over the days following a blood meal (Fig. S4) .
Taken together, these data suggest that blood feeding may have complex consequences upon peripheral chemoreception. In Drosophila, individual ORNs are known to express multiple Irs (42) and Ors (44) , and the shift in rank order observed here could reflect fluctuating receptor levels within individual ORNs, perhaps effecting subtle shifts in their responsive range following a blood meal. Indeed, a certain level of dynamism within the chemosensory periphery of An. gambiae has already been suggested by studies that show that some antennal sensilla temporarily change in their odor response profiles subsequent to a blood meal (45) . Therefore, although the overall density of chemoreceptors in the antenna appears to be a constant, the composition of the chemoreceptor population may be altered in response to blood feeding, such that subtle changes in abundance levels of a subset of chemoreceptors may transiently modulate antennal sensitivity to select semiochemicals (Fig. 2B) .
Integration of Physiologic Data Reveals Post-Blood Feeding Shift in
Antennal Odor Receptivity. Given that the responsiveness of mosquito chemosensory sensilla varies concordantly with even small changes in the transcript abundance of the responding odorant receptor (46) , and that significant numbers of AgOrs have been functionally characterized against a representative panel of odorant molecules (21, 22) , our present dataset affords a powerful opportunity to contextualize the response profiles of those deorphanized AgOrs within the mosquito antenna. By weighting the odor-response data with our measured transcript abundance levels, we calculated the relative modulation of the cumulative receptor responses to each odorant, resulting in a predictive heat map that depicts how fluctuations in AgOr expression levels might affect the odorant response spectrum of the adult female antenna following blood feeding (Fig. 3) .
This analysis suggested that at 1 h after blood meal, the weighted odor response profile remained very similar between the Bf and the nBf mosquitoes, and at 12 h after blood meal, the Bf cohort displayed an overall decrease in calculated odor responsiveness to all 69 odorants (Fig. 3) . This trend was seen again at both the 36-h and 48-h time points. For example, at 12 h after blood feeding, the largest sensitivity depletions to odorant occurred with respect to linalool-oxide and, second, to 1-octen-3-ol. Linalool oxide is a flower-associated aromatic and is likely involved in the flower feeding behavior of all adult mosquitoes; importantly, it along with 1-octen-3-ol are also characterized components of human skin emanations (47, 48) . Moreover, 1-octen-3-ol has been widely characterized as a host-associated semiochemical for both Culcidae in general and Anophelinae in particular (49, 50) . Both 36-h and 48-h time points also showed a generalized diminution in weighted odor receptivity in the blood-fed group. This general shift away from most odorants including some Fig. 3 . Calculated changes in AgOr-mediated odorant receptivity following a bloodmeal. Displayed are the conceptualized differences in antennal receptivity for a panel of 69 odors in post-blood-fed (Bf) vs. non-blood-fed females (nBf). Response characteristics to each chemical were based on known AgOr responses in heterologous expression systems and were then weighted by the relative antennal expression levels for each responding receptor. Results are sorted from high to low, based on the receptivity displayed by the 24-h post-blood-feeding time point. Scale bar shows calculated increases (yellow) and decreases (blue) in odor receptivity.
host cues would be in keeping with the observed refractory period in host seeking following a blood meal. Moreover, given the relative stability of AgOrco abundance, this reduction in receptivity to these odorants would also accommodate an enhancement in receptivity to a select group of other semiochemicals.
Indeed, at 24 h after blood feeding, the calculated responsiveness to a discrete set of odorants appeared to increase in the Bf sample (Fig. 3) . A 10-to 20-percent increase in enhanced receptivity is observed for the compounds 2-iso-butyl-thiazole, 1-hexen-3-ol, 4-methylcyclohexanol, and 2-propylphenol (Fig. 3) . Of the odors to which blood-fed females appear to have increased their receptivity, at least 10 have been classified as attractive semiochemicals, half of which are general oviposition attractants, and four of which have been characterized oviposition attractants in mosquitoes specifically (21, 51, 52) . In contrast, longer chain esters have been implicated as oviposition repellants in some mosquito species (53) and the only relative receptive increase to esters in this analysis occurs with methyl octanoate, the longest chain ester assayed. This analysis shows a focused enhancement in the receptivity of the antenna that is initially reflected in the transcriptome profile 24 h after taking a blood meal. Because several of the odorants to which the antenna becomes more attuned have been previously implicated in mosquito oviposition behavior, this analytical approach suggests that the act of blood feeding may up-regulate a select subset of AgOrs in anticipation of the gravid female's need to choose an oviposition site.
To test the hypothesis that the odors displaying increased receptivity are related to oviposition, we conducted dual choice oviposition assays by using the top two compounds displaying enhanced receptivity in the Bf cohort at the 24 h time point (2-propylphenol and 4-methylcyclohexanol). In dual-choice oviposition assays, An. gambiae females displayed a robust preference for 2-propylphenol and a significant aversion to 4-methylcyclohexanol (Fig. 4) . Whereas 4-methylcyclohexanol has been shown to act as an oviposition cue for several species of Toxorhynchites (51), 2-propylphenol not been previously characterized either within the context of insect behavior in general or Anophelene oviposition behavior in particular. These observations not only demonstrate that these unitary odorants elicit robust responses from gravid, ovipositing An. gambiae females, they serve to support the implementation and interpretation of the unique receptivity analysis carried out here.
Extending on these results, we would suggest that AgOrs that were significantly enriched in the Bf cohort at the 24-h time point (e.g., AgOrs45, AgOr73, AgOr66, AgOr11) may be centrally involved in olfactory-mediated behaviors in An. gambiae postblood feeding and oviposition site selection behaviors in particular. However, it should be noted that because individual AgOrs respond to multiple odorant ligands that can, in turn, activate multiple AgOrs (21, 22) , examining any given AgOr without regard to the full diversity of expressed chemoreceptors is unlikely to provide a complete picture of peripheral chemical receptivity. Importantly, the receptivity analysis presented here takes both considerations into account and suggests that even small changes in the chemosensory transcriptome profile can produce additive and biologically significant effects when analyzed within the context of odorant receptivity.
Although this analysis does not account for the important consequences of downstream processing and integration of peripheral responses that occur in the antennal lobe and other components of the central nervous system, it has revealed that a pattern of small changes in the levels of multiple peripheral chemoreceptors may act combinatorially to transiently shift the receptive profile of the An. gambiae antenna. The timing of this shift is coincident with the female mosquito's transition from host seeking to oviposition behaviors, and our analysis enabled us to subsequently identify two compounds that alter oviposition behavior in gravid females. More broadly, the work presented here suggests that high-resolution RNAseq data may be integrated with functional information (e.g., transcriptional cascades, cell-cell signaling pathways, or metabolic pathways) to produce informative, synthetic analyses.
Methods
Mosquito Rearing and Blood Feeding. An. gambiae sensu stricto (SUA 2La/2La), an M-form isolate originating from Suakoko, Liberia (9), were reared in the Vanderbilt Insectary Facility as described (36) .
RNA Isolation and RNA Sequencing. Over the 2 d following blood feeding, ∼200 female mosquitoes were collected from each cohort at each of the five sequential, post-blood-feeding time points (1, 12, 24, 36 , and 48 h) and antennae were resected for RNA isolation. mRNA was sequenced in 100-bp, paired-end fashion, on a single lane of an Illumina HiSeq2000.
Odorant Receptivity Changes. Relative differences in odorant receptivity between the Bf and the nBf cohorts was calculated from physiologic, odorantresponse data from previously published functional deorphinization of An. gambiae odorant receptors (21) . The response of each AgOr to each odorant (in spikes per second) was weighted by the transcript abundance of that AgOr. Odorant responses in weighted spikes per second were then summed for each odorant. The post-blood-feeding "receptivity change" of the antenna to each odorant was calculated per odorant by dividing the summed weighted spikes per second for each chemical in the Bf group by the summed weighted spikes per second for each chemical in the nBf group.
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